Hot spot-enriched A-rich and CTT-repeat DNA motifs occurred upstream and downstream, respectively, of transcriptional start sites. Crossovers were asymmetric around promoters and were most frequent over CTT-repeat motifs and H2A.Z nucleosomes. Pollen typing, segregation and cytogenetic analysis showed decreased numbers of crossovers in the arp6 H2A.Z deposition mutant at multiple scales. During meiosis, H2A.Z forms overlapping chromosomal foci with the DMC1 and RAD51 recombinases. As arp6 reduced the number of DMC1 or RAD51 foci, H2A.Z may promote the formation or processing of meiotic DNA double-strand breaks. We propose that gene chromatin ancestrally designates hot spots within eukaryotes and PRDM9 is a derived state within vertebrates.
In fungi and mammals, the majority of meiotic recombination occurs in narrow (1-2 kb) hot spots 1-3 . Human and mouse hot spots are targeted to DNA sequence motifs by the zinc finger domain protein PRDM9 (refs. 4-11) . PRDM9-dependent crossovers occur mainly in intergenic regions and introns, with the lowest amount of recombination occurring in exons 9, 12 . PRDM9 also contains a SET domain with histone H3 Lys4 trimethyltransferase activity and targets this modification to hot spot chromatin during meiosis 11, [13] [14] [15] . In contrast, hot spots in the budding yeast Saccharomyces cerevisiae are not sequence dependent, show polarity within genes and occur predominantly at regions of LND in gene promoters 3, [16] [17] [18] [19] [20] [21] . However, S. cerevisiae hot spots are also closely associated with H3K4me3, which is required for wild-type patterns of recombination [22] [23] [24] [25] [26] . Therefore, mammalian and yeast recombination hot spots are specified to varying degrees by genetic and epigenetic information. Although recombination rates vary extensively within plant genomes [27] [28] [29] [30] [31] [32] [33] , the control of meiotic crossover hot spots in plants is poorly understood. We therefore sought to map fine-scale recombination rates in A. thaliana, which lacks PRDM9, and investigate the contribution of DNA sequence and chromatin to the control of plant hot spot locations.
RESULTS

Coalescent analysis of Arabidopsis genetic variation
To generate a map of crossover frequency and hot spots in A. thaliana, we applied coalescent theory to a large SNP data set generated from 80 Eurasian accessions 34 . We used the Interval program from the LDhat package to estimate the population-scaled recombination rate between pairs of SNPs 2 . After conditioning on diallelic SNPs in unique sequence, we analyzed a total of 2,112,845 SNPs (17.7 SNPs per kb) ( Supplementary Table 1 ). We validated the crossover frequencies estimated by Interval by comparing them to a consensus genetic map from 17 F 2 populations 33 , which had been generated previously using the MergeMap program 35 . We observed correlations between the historical and experimental crossover frequencies for all chromosomes (e.g., correlations of 0.44-0.55 at the 500-kb scale), although there were regions of substantial divergence ( Fig. 1a, Supplementary  Fig. 1 and Supplementary Tables 2 and 3) . Structural genetic variation between accessions may contribute to differences in recombination rate measurements. For example, megabase inversions on chromosome 3 between the Col and Sha accessions 33, 36 , and on the short arm of chromosome 4 between the Col and Ler accessions 37 , cause crossover suppression. Population genetic forces, such as mutation, selection and drift, also contribute to differences between historical and experimental recombination rates. As reported previously, the disease resistance gene (R gene)-dense regions on chromosomes 1 and 5 showed elevated historical crossover frequency relative to the experimental measurements 38 (Fig. 1a, Supplementary Note and Supplementary Figs. 1 and 2) . This may reflect balancing selection on R genes, variable recombination or mutation rates or chance effects in previous generations.
Arabidopsis meiotic crossover hot spots overlap with H2A.Z nucleosomes at gene promoters 1 3 2 8 VOLUME 45 | NUMBER 11 | NOVEMBER 2013 Nature GeNetics
A r t i c l e s
We observed megabase-scale variation in crossover frequencies along the chromosomes, with an increase from telomere to centromere ( Fig. 1b and Supplementary Fig. 3) , although the centromere itself is crossover suppressed 27, 29, 35 . To investigate variation in recombination rates, we plotted the proportion of crossovers against the proportion of the physical sequence and observed a nonlinear relationship, with 80% of crossovers occurring in 26% of the sequence and extensive variation in recombination frequency at fine scale ( Fig. 1c, Supplementary  Fig. 4 and Supplementary Table 4 ). This is comparable to what is seen in humans and chimpanzees and provides evidence for the presence of hot spots 12, 39 . To identify crossover hot spots, we analyzed the same SNP data as we used for Interval with an approximate marginal likelihood method called SequenceLDhot 40 . Missing data necessitated dropping a small proportion of SNPs (1.66%) relative to those analyzed by Interval ( Supplementary Table 1 ). We optimized SequenceLDhot run parameters using comparisons to the 3a hot spot, which we previously defined experimentally using pollen typing 35 . SequenceLDhot identified 8,448 hot spots that corresponded to 3.55% of the sequence and contained 14.73% of the crossovers identified by Interval (ratio of 14.73/3.55, or 4.15) ( Supplementary Table 4 ). Therefore, our recombination maps show evidence for substantial variation in Arabidopsis crossover frequency at both domain and hot spot scales.
Gene chromatin at Arabidopsis promoter hot spots
Because the 3a crossover hot spots overlapped with gene transcriptional start sites (TSSs) and transcriptional termination sites (TTSs) 35 , we tested for overlap between hot spots and TSSs or TTSs 35, 41 . Hot spots identified by SequenceLDhot overlapped with 5.75% (1,565) of TSSs and 4.14% (1,127) of TTSs ( Supplementary Table 5 ), which was significantly more than expected by chance (Bickel's block bootstrap 42 P < 1 × 10 −15 ). 1-kb windows centered on hot spot-associated TSSs corresponded to 1.33% of the sequence and contained 10.07% of crossovers (ratio of 10.07/1.33, or 7.57), whereas windows centered on all TSSs corresponded to 22.86% of the sequence and contained 64.39% of crossovers (ratio of 64.39/22.86, or 2.82). Gradients of recombination rates have been observed in yeast genes 3, 17, 19 , so we analyzed the mean crossover frequency of introns and exons in relation to their proximity to TSSs and TTSs. We observed gradients of increasing crossover frequency toward TSSs and TTSs, with a stronger effect for TSSs ( Fig. 2a and Supplementary Fig. 5a ). Therefore, Arabidopsis crossovers are associated with genes and increase in frequency toward promoters and terminators.
TSSs and TTSs are associated with specific chromatin features that facilitate RNA polymerase II (Pol II) transcriptional regulation 43 . We tested whether these patterns were different between hot, cold and random positions by analyzing 4-kb windows centered on hot spot-overlapping ('hot') TSSs and TTSs, non-hot spot overlapping ('cold') TSSs and TTSs and the same number of random positions as for cold TSSs and TTSs ( Fig. 2b and Supplementary Fig. 5b ). Crossover frequency was highly elevated in proximity to hot TSSs and showed an asymmetric peak relative to the TSSs that was shifted to the +1 nucleosome position ( Fig. 2b and Supplementary Fig. 6 ). TSSs and TTSs are flanked by low-nucleosome density (LND) regions upstream of TSSs or downstream of TTSs, which facilitate RNA Pol II transcriptional initiation and termination 43, 44 . The LND peaks occur on the opposite side of TSSs and TTSs as compared to the peak of hot spot crossover frequency (Fig. 2b,c and Supplementary  Fig. 5b,c) . We observed higher LND at hot compared to cold TSSs and TTSs (Wilcoxon signed-rank test P < 1 × 10 −15 ), which is consistent with increased accessibility promoting recombination ( Fig. 2b and Supplementary Fig. 5b ). H3K4me3 occurs at the 5′ end of genes and is associated with mammalian and yeast recombination hot spots 11, 14, 15, [22] [23] [24] [25] . We observed a H3K4me3 peak overlapping the hot spot crossover frequency peak 44 ( Fig. 2b and Supplementary  Fig. 5b) , which is consistent with a conserved role for H3K4me3 in promoting plant hot spots 11, 14, 15, [22] [23] [24] [25] . Although H3K4me3 levels were significantly higher at hot relative to cold TSSs (Wilcoxon signed-rank test P < 1 × 10 −15 ), the difference was small relative to the difference in cM/Mb (Fig. 2b) .
The histone variant H2A.Z occupies highly positioned +1 nucleosomes at TSSs (Fig. 2b) , where it facilitates transcriptional regulation 45, 46 . We observed that the hot spot crossover frequency peak closely overlapped H2A.Z-containing nucleosomes (Fig. 2b,c and Supplementary Fig. 6 ). H2A.Z levels were significantly higher at hot relative to cold TSSs and TTSs (Wilcoxon signed-rank test P < 1 × 10 −15 ) ( Fig. 2b and Supplementary Fig. 5b) , which is consistent with a role for this histone variant in crossover formation. However, similarly to H3K4me3, the difference in H2A.Z levels between hot npg and cold promoters was small relative to the difference in crossover frequency ( Fig. 2b) . Because crossover frequency exhibits gradients within genes, we tested whether chromatin follows similar patterns. H2A.Z, LND, H3K4me3 and crossover frequencies showed similar decreases as distance from the TSS increased 44, 45, 47 (Fig. 2a) . This is again consistent with H2A.Z, H3K4me3 and LND having a role in recombination at hot spot promoters.
DNA methylation is known to inhibit RNA Pol II transcriptional initiation, and TSSs and TTSs show low DNA methylation 48 ( Fig. 2b and Supplementary Fig. 5b ). We observed that hot TSSs and TTSs are DNA hypomethylated relative to cold TSSs and TTSs (Wilcoxon signed-rank test P < 1 × 10 −15 ) ( Fig. 2b and Supplementary Fig. 5b ). This observation is consistent with DNA methylation inhibiting meiotic recombination, as is known to happen in Ascobolus immersus 49 . DNA methylation increased in genes as distance to the TSS increased and was higher in exons compared to introns, which reflects gene body methylation 48 ( Fig. 2a) . Of the epigenetic marks analyzed, DNA methylation was the most different between hot and cold TSSs and TTSs, suggesting that this may be an important determinant of hot spot location and activity ( Fig. 2b and Supplementary Fig. 5b ). Therefore, Arabidopsis crossover hot spots associate with chromatin patterns that promote RNA Pol II transcription, with the highest recombination rates occurring over +1 H2A.Z-containing, H3K4me3modified nucleosomes at DNA hypomethylated gene promoters. Although these chromatin modifications are correlated with crossover frequency, none alone is specific to hot spot promoters, suggesting that they interact quantitatively to influence hot spot identity. It is also important to note that the chromatin data sets analyzed were generated from nonmeiotic cells 44, 45, 47, 48 .
A-rich and CTT-repeat DNA motifs are enriched at hot spots
Human hot spots are determined by specific DNA sequence motifs that are recognized by the PRDM9 zinc finger protein [4] [5] [6] [7] [8] [9] [10] [11] . Therefore, we tested whether Arabidopsis hot spots associate with specific DNA sequence motifs. We used three de novo DNA motif search algorithms, MEME/COSMO 50,51 , SOMBRERO 52 and WEEDER 53 , to test for motifs enriched within 1-kb windows around hot spot-associated TSSs compared with cold TSSs. All three methods identified A-rich and CTT-repeat motifs as being enriched at hot spot promoters ( Fig. 3a,e ). This finding is consistent with previous work that demonstrated an association between A-rich motifs and crossover frequency in Arabidopsis 38 . The hot spot-enriched A-rich motifs were between 6 and 30 bp in length, and the CTT-repeat motifs were between 6 and 21 bp in length. Hot and cold promoters share both motifs, but they were present at significantly higher frequencies around hot spot TSSs (Fig. 3b,f) . The A-rich motifs were located upstream of TSSs and overlapped with regions of LND ( Fig. 3b,d) , which is consistent with work in S. cerevisiae demonstrating that homopolymeric A and T tracts define nucleosome-depleted regions 54 . Crossover frequency was significantly higher in ±2-kb windows around A-rich motifs compared with random positions (Wilcoxon signed-rank test P < 1 × 10 −15 ) ( Fig. 3c) . Recombination was highest in regions flanking the A-rich motifs, which reflects positioning of these motifs upstream of TSSs and the recombination rate peak ( Fig. 3c,d) . In contrast, the CTT-repeat motifs were located downstream of TSSs and overlapped the crossover frequency peak and H2A.Z nucleosomes ( Fig. 3f,h) . Crossover frequency was significantly higher in ±2-kb windows around CTT-repeat motifs compared with random positions (Wilcoxon signed-rank test P < 1 × 10 −15 ), and crossover frequencies were elevated on the motifs themselves ( Fig. 3g) . Because the A-rich and CTT-repeat motifs overlap with LND and H2A.Z regions, respectively, they may contribute to nucleosome positioning or chromatin organization at promoters, with consequences for recombination. Alternatively, they may directly recruit factors that promote crossovers, analogous to PRDM9 (refs. [4] [5] [6] [7] [8] [9] [10] [11] . Notably, the CTT-repeat motifs we identified are characterized by a 3-bp C periodicity that is reminiscent of PRDM9 target motifs [4] [5] [6] [7] [8] [9] [10] [11] (Fig. 3e) .
Experimental validation of hot spots using pollen typing
We next used pollen typing to test whether crossover hot spots defined by coalescent analysis could be detected experimentally 35, 41 . We previously used genetic mapping to identify an interval of high crossover frequency on chromosome 3 between 632,767 and 660,906 bp that contained the 3a hot spot 35 . We searched within this window for additional hot spots using the Interval genetic map and identified a hot spot adjacent to 3a that we call 3b, which overlaps the TTS of At3g02900 and the TSS of At3g02910 (Fig. 4a,b and Supplementary Table 6 ). Both the 3a and 3b intervals of high crossover frequency overlap with H2A.Z peaks, as measured by chromatin immunoprecipitation sequencing (ChIP-seq) 45 and ChIP quantitative PCR (ChIP-qPCR) analyses (Fig. 4c,d and Supplementary  Fig. 7) . We designed Col and Ler allele-specific primers flanking 3b and amplified crossover and parental molecules from Col/Ler F 1 pollen DNA 35, 41 . The 3b crossover frequency was 20.01 cM/Mb, which is lower than the frequency in 3a (36.22 cM/Mb) ( Fig. 4e and Supplementary Tables 6 and 7) . This is consistent with lower npg A r t i c l e s recombination rates in 3b, as measured by Interval, relative to 3a (Fig. 4a,b) . Sequencing of 3b crossover molecules revealed a hot spot in the At3g02900 and At3g02910 intergenic regions, with a peak rate of 68.81 cM/Mb (male chromosome average, 4.77 cM/Mb) that overlaps with a peak in crossover rate estimated by Interval ( Fig. 4b and Supplementary Table 6 ).
Analysis of crossover frequency within the 3a pollen-typing amplicon showed three hot spots separated by at least one interval of 0 cM/Mb (3a-1: 634,109-636,119 bp; 3a-2: 636,199-638,633 bp; and 3a-3: 638,779-639,934 bp) and that overlap TSSs and TTSs 35 ( Fig. 4a and Supplementary Table 7 ). The position of the central 3a-2 hot spot identified by pollen typing was wider compared with the Interval recombination rate estimates ( Fig. 4a and Supplementary Table 7 ). To investigate the difference between linkage disequilibrium-based and direct estimates of crossover rate, we considered the effect of using different variant sets for analysis by Interval. Using a highconfidence set of variants, we found that the locations of inferred crossover hot spots were robust, but the relative heights of the peaks were altered (Supplementary Fig. 8a ). This suggests that low levels of error may be influencing the exact crossover rate estimates but not the overall locations of hot spots. We also found that SNP and deletion distributions were nonuniform across 3a, and there were a number of deletions in the 3a-2 and 3a-3 regions ( Supplementary  Fig. 8b) . Because local sequence polymorphisms are known to alter the recombination topology of mammalian hot spots [55] [56] [57] , variation in polymorphism patterns may also contribute directly to differences between historical and experimental crossover frequencies at 3a.
Decreased hot spot crossover frequency in arp6
H2A.Z-containing nucleosomes possess biophysical properties that contribute to transcriptional regulation at TSSs and TTSs 46 . Given the overlap between H2A.Z-containing nucleosomes and crossover frequency at hot spot promoters, we next tested the functional relationship between H2A.Z and crossovers. To do this, we repeated pollen typing in the arp6 (actin related protein6) mutant [58] [59] [60] . ARP6 is a component of the SWR1 nucleosome remodeling complex that is required for H2A.Z deposition [58] [59] [60] [61] . We crossed Col (suf3-1 (ref. 58)) and Ler (esd1-2 (ref. 62)) arp6 alleles to generate arp6 Col/Ler F 1 individuals and repeated pollen typing. The 3a and 3b regions showed reduced crossover frequency in the arp6 mutants relative to wild-type plants (t-test; 3a, P < 1 × 10 −15 ; 3b, P < 1 × 10 −15 ), although the two groups had related hot spot topology ( Fig. 4e and Supplementary Tables 6 and 7) . We also developed a pollen-typing qPCR assay and again observed that 3a and 3b crossover frequencies were significantly reduced in arp6 mutants (t-test; 3a, P = 3.33 × 10 −3 ; 3b, P = 2.95 × 10 −4 ) ( Fig. 4f and Supplementary Table 8 ). This experimentally demonstrates that H2A.Z deposition promotes crossovers at Arabidopsis hot spots.
Decreased domain- and chromosome-scale crossovers in arp6
Because we observed decreased hot spot activity in arp6 mutants, we next tested crossover frequency at the domain scale (>1 Mb) using segregation of linked, heterozygous transfer DNA (T-DNA) insertions 35, 63 (Supplementary Note). The FTL system measures the segregation of T-DNAs expressing distinct colors of fluorescent protein from the pollenspecific LAT52 promoter 63 . The FTL intervals, I1a, I1b and I1fg, each span >1 Mb of gene-dense sequence on chromosome 1 and showed significantly reduced genetic distance in arp6 mutants (χ 2 test P = 4.52 × 10 −6 , P = 7.73 × 10 −4 and P = 7.00 × 10 −3 , respectively) ( Fig. 5a,b and Supplementary Tables 9-11 ). We also observed significant reductions in arp6 crossover frequency using intervals on chromosomes 5 (I5a) and 3 (CEN3) (χ 2 test P = 2.24 × 10 −4 and P = 1.06 × 10 −3 , respectively) ( Fig. 5a,b and Supplementary Tables 12 and 13) , which demonstrates decreased crossover frequency in arp6 mutants on different chromosomes.
The DART method measures trans segregation of linked insertions carrying different antibiotic-or herbicide-resistance genes through double selection in backcross progeny 64 (Supplementary Fig. 9 ). We performed DART using three insertion pairs located adjacent to the telomere of chromosome 1 termed TEL1a, TEL1b and TEL1c, which again showed reduced genetic distance in arp6 mutants (χ 2 test P < 1 × 10 −15 , P = 0.0171 and P = 0.10, respectively) ( Fig. 5a,b and Supplementary Table 14 ). To demonstrate that reduced arp6 crossover frequency was not specific to T-DNA markers, we measured the segregation of simple sequence-length polymorphisms (SSLPs). We generated 768 individual F 2 populations from wild-type and arp6 Col/Ler F 1 plants and genotyped them for 12 SSLPs along chromosome 1, with an average intermarker distance of 2.75 Mb that together spanned 99.4% of the chromosome's physical length (Fig. 5c) . Chromosome 1 crossover number per F 2 individual was significantly lower in arp6 mutants (χ 2 test P = 7.11 × 10 −6 ), and genetic map length was reduced in the mutants (wild-type plants, 110.3 cM; arp6 mutants, 92.2 cM) ( Fig. 5c) . Crossover number per F 2 individual was significantly different from the Poisson expectation in both populations (goodness-of-fit test; wild-type plants, P = 2.07 × 10 −13 ; arp6 mutant, P = 4.97 × 10 −15 ) ( Supplementary Fig. 10a,b) , which suggests that crossover interference is still acting in arp6 mutants 65 .
As a further test of domain-scale recombination rates, we used the 420 system, which measures segregation of T-DNAs expressing fluorescent proteins from the seed-specific NapA promoter 35, 66 . The 420 interval is 5.1 Mb long, is located subtelomerically on chromosome 3 and contains the 3a and 3b hot spots (Fig. 5a) 35, 66 . A specific advantage of 420 is that reciprocal crossing can be used to measure male and female crossover rates separately, and 420 has been shown to have a higher crossover frequency in male meiosis 35, 66 . Sex-averaged, male and female 420 crossover frequencies were all significantly reduced in arp6 mutants (χ 2 test P = 1.29 × 10 −7 , P = 1.30 × 10 −4 and P < 1 × 10 −15 , respectively) ( Fig. 5b and Supplementary Table 15 ). Because H2A.Z occupancy has been shown to decrease with increasing ambient temperature 60 , we hypothesized that crossover frequency would increase at lower temperatures. Consistent with this idea, we observed that wild-type 420 recombination was significantly increased at 12 °C compared to 21 °C (χ 2 test P = 1.78 × 10 −4 ), and arp6 recombination was again significantly reduced relative to wild type at 12 °C (χ 2 test P < 1 × 10 −15 ) ( Fig. 5b and Supplementary Table 15 ). To test whether the crossover decreases in arp6 mutants are specific, we crossed 420 plants with genetic backgrounds that are late flowering (FRIGIDA) or mutated in other epigenetic pathways, including small RNA biogenesis (rdr2 and nrpd1a) and histone modification (efs). We observed no significant difference in crossover frequency in these backgrounds relative to wild-type plants (χ 2 test P = 0.51, P = 0.21, P = 0.34 and P = 0.23, respectively) ( Fig. 5b and Supplementary  Table 15 ), demonstrating that decreased arp6 crossover frequency is specific.
RAD51, DMC1, MLH1 foci and chiasmata are reduced in arp6
To further investigate the effect of arp6 on meiotic recombination, we used immunocytology (Figs. 5d and 6 and Supplementary Fig. 11) . Meiotic double-strand break (DSB) sites can be estimated by immunostaining leptotene-stage meiotic chromosomes for RAD51 and DMC1, which are recombinases that mediate single-strand DNA invasion of the homologous chromosome after DSB formation and resection 67, 68 . RAD51 and DMC1 accumulate as foci along chromosome axes,
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In Arabidopsis, more DSBs are generated than mature into crossovers; for example, we observed ~214 DMC1 or RAD51 foci per meiocyte in wild-type plants (Fig. 6a,b and Supplementary  Tables 16 and 17) , which are repaired into approximately ten crossovers per meiosis 33, 70 . Crossovers can be measured cytologically when Arabidopsis bivalents segregate at metaphase I and adopt either rod or ring chiasma configurations that represent single or multiple crossovers, respectively 71 (Fig. 5d) . We observed significantly fewer chiasmata in arp6 mutants using both Col Figure 5 The arp6 mutant has decreased crossover frequency at the domain and whole-chromosome scales. (a) Crossover frequency estimated by Interval (cM/Mb; red) plotted along chromosomes 1, 3 and 5. Physical intervals in which we measured genetic distance are labeled and indicated by gray shading. Vertical dashed lines indicate centromeres, and horizontal dashed lines indicate the chromosome mean crossover frequency. (b) Genetic distances (cM) for the intervals TEL1a, I1a, I1b, I5a, I1fg, 420 and CEN3 in wild-type plants and arp6 mutants. χ 2 test P values comparing wild-type plants to arp6 mutants are shown above the plots. All temperatures were 21 °C except those listed as 12 °C. Information about sample n numbers is listed in supplementary tables 9-15. (c) The F 2 genetic map length for chromosome 1 is reduced in arp6 mutants relative to wild-type plants (n = 768 for both genotypes). The number of crossovers (COs) per F 2 individual was significantly lower in arp6 mutants (χ 2 test P = 1.06 × 10 −7 ). Wild-type and arp6 genetic maps are connected at SSLP marker positions, and intervals containing the centromeres are marked with red dots. (d) Histograms for chiasma numbers per meiocyte for wild-type plants and arp6 mutants using alleles in the Col (suf3) and Ler (esd1) accessions (n = 20 per genotype). There were significantly fewer chiasmata in arp6 mutants (Conway-Maxwell-Poisson regression testing; Col, P = 0.004; Ler, P = 8.0 × 10 −5 ). On the right are representative images from n = 20 replicates of metaphase I meiocytes that were stained with DAPI and labeled by FISH against 45S (green) and 5S (red) rDNA to identify specific chromosomes. Chromosomes are labeled with their number. In wild-type plants, all bivalents except chromosome 2 are 'rings' with more than one chiasma, whereas in arp6 mutants, all bivalents except chromosome 2 are 'rods' with one chiasma. Scale bars, 10 µM.
A r t i c l e s (Conway-Maxwell-Poisson regression test 72 P = 0.004) and Ler (Conway-Maxwell-Poisson regression test 72 P = 8.0 × 10 −5 ) alleles ( Fig. 5d and Supplementary Tables 18 and 19) . We did not observe meiocytes with fewer than one chiasma per chromosome in arp6 mutants, suggesting that obligate crossovers are maintained 65 ( Fig. 5d and Supplementary Table 18 ). We also immunostained pachytene meiocytes for MLH1, which marks class-I interfering crossovers, and ZYP1, which marks the synaptonemal complex 73 (Fig. 6a and Supplementary Fig. 11 ). We observed significantly fewer MLH1 foci in arp6 mutants when comparing across both Col and Ler alleles (Conway-Maxwell-Poisson regression test 72 P = 0.039) (Fig. 6a,b and Supplementary Table 20) , which is consistent with our chiasma data. MLH1 foci numbers per meiocyte were significantly different from the Poisson expectation in both wild-type plants and arp6 mutants (goodness-of-fit test; wild-type plants, P = 3.47 × 10 −3 ; arp6 mutants, P = 5.79 × 10 −4 ) ( Supplementary Fig. 10c,d) , again indicating that crossover interference is acting in arp6 mutants 65 . Together these data demonstrate that arp6 reduces the frequency of RAD51, DMC1 and MLH1 foci and chiasmata at a whole-chromosome scale. npg A r t i c l e s Axis-associated H2A.Z foci during meiotic prophase I To investigate the localization of H2A.Z on meiotic chromosomes, we performed immunostaining using a complementing GFPtagged line, HTA11-GFP hta9 hta11 (hereafter referred to as H2A. Z-GFP) 60 . Consistent with previous work, we observed diffuse H2A. Z-GFP staining in somatic nuclei and lower signal in the densely 4′,6-diamidino-2-phenylindole (DAPI)-staining heterochromatic chromocenters [59] [60] [61] (Fig. 6c) . Immunostaining of leptotene meiocytes for H2A.Z-GFP and ASY1 revealed ~250 axis-associated H2A.Z foci that overlapped RAD51 (85%) and DMC1 (93%), which is significantly more than the numbers seen in randomized controls (42% and 48%, respectively) (χ 2 test; RAD51, P < 1 × 10 −15 ; DMC1, P < 1 × 10 −15 ) ( Fig. 6c) . We observed an absence of H2A.Z-GFP signal in the arp6 mutant (Fig. 6c) . These data further support a role for H2A.Z during early meiotic recombination steps, including DSB formation and strand invasion. We propose that decreased recombination activity of individual hot spots in the absence of H2A.Z deposition leads to reduced crossover frequency at the domain and whole-chromosome scales.
DISCUSSION
We demonstrate extensive variation in crossover frequency throughout the Arabidopsis genome at both fine and broad scales. At a fine scale (kb), crossovers are concentrated in hot spots that are associated with the start and, to a lesser extent, end of genes. Hot spot promoters have chromatin marks that are associated with active RNA Pol II transcription, including LND, H2A.Z, H3K4me3 and low DNA methylation. Hot spot promoter crossovers are most frequent over CTT-repeat DNA motifs and +1 H2A.Z nucleosomes. To test the importance of promoter chromatin for recombination, we analyzed the H2A.Z deposition mutant arp6 and observed reduced numbers of crossovers at the hot spot, domain and whole-chromosome scales. Although H2A.Z and H3K4me3 levels were significantly higher at hot spot promoters, the differences were small relative to the difference in crossover frequencies. Similarly, budding yeast H3K4me3 levels are a poor predictor of hot spot activity, despite this chromatin modification being required for normal meiotic recombination [22] [23] [24] [25] [26] .
As none of the chromatin variables analyzed here uniquely identifies hot spot promoters, it is likely that they act jointly to influence crossover frequency. The most divergent chromatin modification between hot and cold promoters was DNA methylation, which is consistent with this epigenetic modification inhibiting crossovers. Suppression of crossovers in the densely DNA methylated Arabidopsis centromeric regions provides further evidence for a negative relationship 27, 29, 33, 35 . The chromosome arms showed megabase-scale variation in recombination activity, which may relate to similar patterns observed in yeast and mammalian genomes 2,3,12,74-76 . We propose that crossover frequency in plant genomes is determined by quantitative interactions between chromatin, DNA sequence and meiotic chromosome organization. H2A.Z functions in somatic DSB repair, where it is recruited to break sites 77, 78 . Furthermore, a second H2A variant, H2A.X, has roles in both somatic and meiotic DSB repair. H2A.X is phosphorylated (ϒ-H2A.X) in 1-to 2-Mb domains surrounding DSBs 79-81 and forms SPO11-dependent foci during meiosis 69 . Our data further demonstrate the involvement of histone H2A variants in DNA repair, specifically a role for H2A.Z in promoting Arabidopsis meiotic crossovers. In this context, H2A.Z may function analogously to H3K4me3 in yeast. During meiosis, yeast Spp1, a subunit of the COMPASS complex, binds to both H3K4me3 and the Mer2 recombination protein, which is located on the meiotic chromosome axis 23, 25 , consistent with the tethered loop axis model 82 . We have demonstrated that H2A.Z accumulates in foci on leptotene-stage meiotic chromosomes that colocalize with RAD51 and DMC1 recombinase foci. As the numbers of RAD51 and DMC1 foci are reduced in arp6 mutants, we propose that H2A.Z promotes the formation or processing of meiotic DNA DSBs. However, as crossover frequencies are reduced in arp6 mutants, despite an estimated ~150 remaining DSBs, H2A.Z may also have additional downstream roles in crossover formation. Therefore, multiple elements of promoter chromatin, including H2A.Z, likely contribute to the recruitment of hot spot sequences to the meiotic axis and the promotion of DNA repair and recombination.
Arabidopsis hot spots most closely resemble budding yeast DSB hot spots, which overlap with regions of LND in gene promoters and H3K4me3 (refs. 3,16-25) . In contrast, mouse and human hot spots are positioned to intergenic sequence motifs by the PRDM9 zinc finger histone methyltransferase [4] [5] [6] [7] [8] [9] [10] 14, 15 . However, in the absence of Prdm9, mouse DSB hot spots revert to the +1 nucleosome position at TSSs 15 . We therefore propose that gene chromatin is an ancestral hot spot designation mechanism within eukaryotes and that PRDM9 evolved more recently in animals 83 .
URLs. RepeatMasker, http://www.repeatmasker.org/; vcd: Visualizing Categorical Data, http://cran.r-project.org/web/packages/vcd/index. html; COMPoissonReg, http://cran.r-project.org/web/packages/ COMPoissonReg/index.html.
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